During vertebrate limb development, growth plate chondrocytes undergo temporally and spatially coordinated differentiation that is necessary for proper morphogenesis. Parathyroid hormone-related peptide (PTHrP), its receptor, the PTH͞PTHrP receptor, and Indian hedgehog are implicated in the regulation of chondrocyte differentiation, but the specific cellular targets of these molecules and specific cellular interactions involved have not been defined. Here we generated chimeric mice containing both wild-type and PTH͞ PTHrP receptor (؊͞؊) cells, and analyzed cell-cell interactions in the growth plate in vivo. Abnormal differentiation of mutant cells shows that PTHrP directly signals to the PTH͞ PTHrP receptor on proliferating chondrocytes to slow their differentiation. The presence of ectopically differentiated mutant chondrocytes activates the Indian hedgehog͞PTHrP axis and slows differentiation of wild-type chondrocytes. Moreover, abnormal chondrocyte differentiation affects mineralization of cartilaginous matrix in a non-cell autonomous fashion; matrix mineralization requires a critical mass of adjacent ectopic hypertrophic chondrocytes. Further, ectopic hypertrophic chondrocytes are associated with ectopic bone collars in adjacent perichondrium. Thus, the PTH͞PTHrP receptor directly controls the pace and synchrony of chondrocyte differentiation and thereby coordinates development of the growth plate and adjacent bone.
The bones of the developing limb form through the process of endochondral bone formation (1, 2) . First, mesenchymal cells condense; cells in the core differentiate into chondrocytes, and the cells at the periphery differentiate into the perichondrium. Then, chondrocytes in the center stop proliferating, differentiate into prehypertrophic and then hypertrophic chondrocytes, induce mineralization of surrounding matrix, and undergo apoptosis. Concomitantly, the perichondrium abutting prehypertrophic and hypertrophic chondrocytes becomes bone collar, and blood vessels invade the mineralized cartilage. In association with vascular invasion, osteoblasts and hematopoietic cells replace the mineralized cartilage with bone and bone marrow. Thus, in this process, differentiation and proliferation of various types of cells must be properly coordinated.
Parathyroid hormone-related peptide (PTHrP), the PTH͞ PTHrP receptor, and Indian hedgehog (Ihh) are involved in the regulation of chondrocyte differentiation, and their interrelationships have been explored (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Overexpression of PTHrP or expression of a constitutively active PTH͞PTHrP receptor delays chondrocyte differentiation (3, 4) . Mice missing PTHrP or the PTH͞PTHrP receptor show accelerated differentiation of chondrocytes (5) (6) (7) (8) (9) . Overexpression of Ihh or administration of its surrogate, Sonic hedgehog, also delays chondrocyte differentiation in association with increased PTHrP mRNA expression, but Sonic hedgehog has no effect on limbs from either PTHrP (Ϫ͞Ϫ) or PTH͞PTHrP receptor (Ϫ͞Ϫ) mice (8, 9) . On the basis of these data, a model was proposed that PTHrP, the PTH͞PTHrP receptor, and Ihh form a negative feedback loop that regulates the rate of chondrocyte differentiation (9) . However, the model suggested by these studies lacks critical pieces of information necessary for understanding how bone formation is regulated. First, the specific target cells on which PTHrP and Ihh act in a stage-specific manner have not been defined. Proliferating chondrocytes most obviously affected by PTHrP or PTH͞ PTHrP receptor knockout normally express little PTH͞ PTHrP receptor mRNA, while more differentiated prehypertrophic chondrocytes express large amounts of this mRNA (14, 15) , and these prehypertrophic chondrocytes have been thought to be the target of PTHrP signaling (9) . Moreover, many other tissues that could influence bone development, such as the kidney, also express the PTH͞PTHrP receptor (16) . The specific target cells of Ihh signaling are also incompletely defined. Second, the aforementioned feedback model for regulation of chondrocyte differentiation was based on experiments that involved the use of supraphysiological amounts of PTHrP and Ihh, and, therefore, the model needs to be tested in a more physiological setting. Third, the functional relationship of chondrocyte differentiation to other critical processes in endochondral bone development, such as mineralization of cartilaginous matrix and bone collar formation, is poorly understood. To address these questions, we have generated chimeric mice containing both wild-type and PTH͞ PTHrP receptor (Ϫ͞Ϫ) cells, and have analyzed cell-cell interactions in the growth plate in vivo.
MATERIALS AND METHODS

Generation of Embryonic Stem (ES) Cell Lines.
To introduce a ␤-galactosidase transgene as a marker, mice heterozygous for the PTH͞PTHrP receptor-null mutation in a C57BL͞ 6-129͞SvJ background (8) were mated with C57BL͞6 mice carrying a ␤-galactosidase transgene that was engineered to be expressed ubiquitously (17) . By further mating, mice were made heterozygous for the PTH͞PTHrP receptor-null mutation and homozygous for the ␤-galactosidase transgene. They were then mated with mice heterozygous for the PTH͞PTHrP receptor-null mutation to produce blastocysts. ES cell lines were established as previously described (18) and were genotyped by Southern blot analysis. The animal care was in accordance with the policies of the Massachusetts General Hospital.
Southern Blot Analysis. Southern blot analysis was performed as previously described (5) . To detect disrupted alleles of the PTH͞PTHrP receptor gene, 10 l (Ϸ10 g) of genomic DNA was digested with SacI, Southern blotted, and probed with a 1.0-kb SacI-KpnI fragment containing a part of the first intron. The sizes of genomic DNA fragments expected from the normal and disrupted alleles are 5.6 and 4.9 kb, respectively. To detect ␤-galactosidase transgene alleles, 10 l (Ϸ10 g) of genomic DNA were digested with StuI, Southern blotted, and probed with a 140-bp fragment containing a 5Ј-flanking region of the transgene (17) . The sizes of DNA fragments expected from the normal and the mutant alleles are Ϸ7 and Ϸ12 kb, respectively.
Generation of Chimeric Mice. Chimeras were generated by blastocyst injection as previously described (19) . ES cell lines homozygous for the PTH͞PTHrP receptor-null mutation were injected into wild-type BALB͞cJ or C57BL͞6 blastocysts. As a control, wild-type ES cells established at the same time were injected into wild-type blastocysts. For production of chimeras with various degrees of ES cell contribution, the number of ES cells injected into the blastocele cavity was varied from 3 to 15. Progeny of three independent homozygous clones yielded the identical phenotype. All the ES cell lines gave germ line transmission. All observations in the results were verified in at least five different chimeric mice. The fraction of PTH͞PTHrP receptor (Ϫ͞Ϫ) cells was estimated by ␤-galactosidase staining of the skin and the periarticular growth plate.
Histological Analysis. Chimeras were sacrificed at various ages, dissected, and fixed in 4% paraformaldehyde͞PBS at 4°C for 4 hr. Tissues were stained with X-Gal (5-bromo-4-chloro-3-indolyl ␤-D-galactoside) as described previously (20) . Subsequently, they were processed, embedded in paraffin, and cut. Sections were stained with H&E or nuclear fast red (Vector Laboratories) for morphological study. For detection of mineralization, sections were stained with 1% alizarin red S; mineral is stained bright red.
In Situ Hybridization. Tissues were fixed in 4% paraformaldehyde͞PBS overnight at 4°C, processed, embedded in paraffin, and cut. In situ hybridization was performed as described previously (15) 
RESULTS
Generation of Chimeric Mice and Ectopic Differentiation of Mutant Chondrocytes. ES cell lines homozygous for the
PTH͞PTHrP receptor-null mutation were generated de novo from inner cell masses. Four homozygous mutant, four heterozygous mutant, and five wild-type clones were isolated. Each carried one copy of a ␤-galactosidase transgene widely expressed in mouse tissues (17) . All cells in the growth plate from the mice carrying the ␤-galactosidase transgene alone exhibited ␤-galactosidase activity and normal morphology (data not shown). In mice generated by injecting wild-type cells expressing the ␤-galactosidase transgene (stained blue) into wild-type blastocysts, cells descended from the ES cells and from the host blastocysts behaved indistinguishably, as expected (Fig. 1, A and B) . In contrast, in the growth plates of chimeric mice generated by injecting PTH͞PTHrP receptor (Ϫ͞Ϫ) ES cells (stained blue) into wild-type blastocysts, mutant cells prematurely differentiated into cells resembling hypertrophic chondrocytes while surrounded by wild-type proliferating chondrocytes ( Fig. 1 C and D) . All mutant cells above a line approximately corresponding to the level at which the growth plate narrowed (arrowhead) resembled proliferating chondrocytes; those below the line appeared hypertrophic. These ectopic hypertrophic-like cells expressed type X collagen and Ihh mRNAs (Fig. 2) , markers for hypertrophic and prehypertrophic͞hypertrophic chondrocytes, respectively (8, 9). They also underwent apoptosis, detected by terminal deoxynucleotidyltransferase-mediated dUTP nick endlabeling and stopped expressing H4 mRNA, a marker for cells in S phase (data not shown). A comparison of the fraction of blue mutant cells in the periarticular and distal portions of the growth plate (Fig. 1C) shows that these ectopic hypertrophic cells became gradually outnumbered by surrounding wild-type cells, which continued to proliferate. Thus, the mutant cells ectopically differentiated into hypertrophic chondrocytes independently of any signals from surrounding wild-type proliferating chondrocytes. We conclude that the specific target of PTHrP signaling is the proliferating chondrocyte. PTHrP acts directly on the low level of PTH͞PTHrP receptors on proliferating chondrocytes to slow and synchronize their differentiation, instead of relying on a cascade involving more distally situated, prehypertrophic cells.
Up-Regulation of the Ihh͞PTHrP Axis and Elongation of Chimeric Growth Plates. The independent patterns of differentiation of wild-type and PTH͞PTHrP receptor (Ϫ͞Ϫ) chondrocytes within the chimeric growth plate allowed us to assess effects of subtle perturbation of the Ihh͞PTHrP axis in an in vivo setting. A key prediction of the Ihh͞PTHrP negative feedback model is that the periarticular perichondrium directly or indirectly senses the production of Ihh by prehypertrophic and hypertrophic chondrocytes and responds by slowing chondrocyte differentiation through the actions of PTHrP. Because mutant chondrocytes ectopically differentiate and produce Ihh much closer to the articular surface than do wild-type hypertrophic chondrocytes (Fig. 2 G and H) , this ectopic production of Ihh might lead to an increase in PTHrP expression in the
FIG. 2. Expression of type X collagen and Ihh by ectopically differentiated PTH͞PTHrP receptor (Ϫ͞Ϫ) chondrocytes. (A-D)
In situ hybridization of sections of the humeri from d17.5 embryos with a mouse type X collagen antisense probe. In the wild-type (A, bright field; B, dark field), type X collagen is expressed in hypertrophic chondrocytes. In the chimera containing both wild-type and PTH͞PTHrP receptor (Ϫ͞Ϫ) cells (C, bright field; D, dark field), ectopically differentiated mutant cells also express type X collagen in the proliferating layer. (E-H) In situ hybridization of sections of the humeri from d17.5 embryos with a mouse Ihh antisense probe. In the wild-type (E, bright field; F, dark field), Ihh is expressed in prehypertrophic and hypertrophic chondrocytes. In the chimera (G, bright field; H, dark field), ectopically differentiated mutant cells also express Ihh in the proliferating layer. (Bar ϭ 200 m.) periarticular perichondrium and consequent slowing of differentiation of wild-type proliferating chondrocytes in chimeras. In the growth plates of chimeras, the length of the columns of wild-type proliferating chondrocytes increased as the contribution of PTH͞PTHrP receptor (Ϫ͞Ϫ) chondrocytes increased ( Fig. 1 E-H) . Thus, wild-type chondrocytes slowed their differentiation in the presence of ectopic hypertrophic chondrocytes. In wild-type mice, expression of Patched (Ptc), a marker of Ihh action (21-23), was noted in proliferating chondrocytes, most strongly in cells adjacent to Ihh-producing prehypertrophic and hypertrophic chondrocytes, with expression decreasing toward the end of the bone (Fig. 3 A and B) . In contrast, in chimeras, proliferating chondrocytes surrounding ectopic hypertrophic chondrocytes overexpressed Ptc mRNA, evidence of ectopic action of Ihh (Fig. 3 C and D) . Further, in chimeras, PTHrP mRNA expression was increased in the periarticular growth plate including not only perichondrium but also proliferating chondrocytes (Fig. 3 E-H) . Thus, the presence of ectopic hypertrophic chondrocytes in the growth plate led to the activation of the Ihh͞PTHrP axis, as well.
Ectopic Mineralization of Cartilaginous Matrix in Chimeric Bones. During the final steps of chondrocyte differentiation, hypertrophic chondrocytes produce a mineralized matrix (1, 2) (Fig. 4A, arrows) . This mineralized cartilaginous matrix provides a rigid scaffold on which osteoblasts deposit and mineralize bone matrix. The heterogeneous pattern of chondrocyte differentiation in the chimeric growth plate allowed us to consider the relative cell autonomy of this process.
The pattern of matrix mineralization was examined in a series of chimeras with varying contributions of PTH͞PTHrP receptor (Ϫ͞Ϫ) cells. In chimeras with up to Ϸ60% contribution of mutant cells (Fig. 4B) , matrix adjacent to ectopic hypertrophic chondrocytes did not mineralize in the proliferating layer. However, in chimeras with a very high (Ͼ90%) contribution, matrix adjacent to ectopic hypertrophic chondrocytes did mineralize when the cells were present in large clusters (Fig.  4 C and D, arrows) . These data demonstrate that chondrocyte differentiation affects mineralization of cartilaginous matrix in a non-cell autonomous fashion and that matrix mineralization requires a critical mass of adjacent hypertrophic chondrocytes.
Ectopic Bone Collar Formation in Chimeric Bones. Normally, bone collars are formed in the perichondrium abutting prehypertrophic and hypertrophic chondrocytes (Fig. 4A, arrowheads) (1, 2) . The mechanisms that assure coordinated formation of the bone collar at the site of differentiation of hypertrophic chondrocytes are unknown. Interestingly, bone collars in PTHrP (Ϫ͞Ϫ) and PTH͞PTHrP receptor (Ϫ͞Ϫ) mice are also formed in the perichondrium abutting hypertrophic chondrocytes, despite much shorter layers of proliferating chondrocytes (refs. 5 and 8; data not shown). Two kinds of hypothesis can explain these observations. Bone collar formation and differentiation of growth plate chondrocytes might be independent processes, each regulated by PTHrP. Alternatively, PTHrP might only regulate chondrocyte differentiation, with the differentiated chondrocytes then regulating bone collar formation. Ectopic differentiation of PTH͞PTHrP receptor (Ϫ͞Ϫ) cells into hypertrophic chondrocytes in chimeras Proc. Natl. Acad. Sci. USA 95 (1998) 13033 allowed us to distinguish these alternatives. If the first hypothesis is correct, then mutant perichondrial cells will form bone collars much closer to the articular surface than will wild-type cells. If the second hypothesis is correct, then ectopic bone collars will be formed by both wild-type and mutant cells in the perichondrium close to ectopic hypertrophic chondrocytes. No ectopic bone collar formation was observed in the tibiae of chimeras with up to a Ϸ60% of contribution of mutant cells (Fig. 4B) . However, in smaller bones such as the radii and ulnae of the same chimeras, ectopic bone collars were observed (Fig. 4 E and F, arrowheads) . At higher magnification, ectopic bone collars were seen near clusters of ectopic hypertrophic chondrocytes; both wild-type and mutant osteoblasts were found with no preference in the ectopic bone collar (Fig.  4 G and H, arrowheads) . In chimeras with Ͼ90% contribution, ectopic bone collars were found in the tibiae, too (Fig. 4 C and  D) . In total, in 12 chimeras with Ͼ60% contribution, 23 bones had 36 ectopic bone collars. All ectopic bone collars were formed near (Ͻ100 m away from) clusters of ectopic hypertrophic chondrocytes and contained mixtures of wild-type and mutant osteoblasts. Thus, these data suggest that bone collars are induced in the perichondrium by hypertrophic chondrocytes and that a critical mass of hypertrophic chondrocytes is required for this induction.
DISCUSSION
Our results demonstrate that the specific target of PTHrP signaling during limb development is the proliferating chondrocyte. Although proliferating chondrocytes express only low levels of the PTH͞PTHrP receptor, the pattern of differentiation of PTH͞PTHrP receptor (Ϫ͞Ϫ) chondrocytes in chimeric growth plates shows that the receptors on proliferating chondrocytes are needed to slow their differentiation at a normal rate. In chimeras with up to Ϸ60% contribution of mutant cells, all mice evaluated were normocalcemic (data not shown), unlike PTHrP (Ϫ͞Ϫ) or PTH͞PTHrP receptor (Ϫ͞Ϫ) mice (24), so we could exclude an effect of hypocalcemia on the observed bone phenotype. Elongation of columns of wild-type proliferating chondrocytes in chimeric growth plates, in association with the activation of the Ihh͞PTHrP axis, suggests that the growth plate senses the presence of ectopic hypertrophic chondrocytes and slows chondrocyte differentiation by a local feedback loop involving Ihh and PTHrP. This loop controls both the rate and the synchrony of chondrocyte differentiation. The importance of the feedback loop in controlling the synchrony of chondrocyte differentiation explains the admixture of proliferating and hypertrophic chondrocytes seen in PTHrP (Ϫ͞Ϫ) and PTH͞ PTHrP receptor (Ϫ͞Ϫ) mice (9, data not shown).
FIG. 4. Ectopic mineralization of cartilaginous matrix and ectopic bone collar formation in chimeric bones. (A-D)
Sections of the tibiae from d17.5 embryos were stained for ␤-galactosidase activity and also with alizarin red S for detection of mineralization. In the wild-type (A), mineralization of cartilaginous matrix occurs adjacent to late hypertrophic chondrocytes (arrows). No mineralization is observed adjacent to ectopic hypertrophic chondrocytes in the tibiae from chimeras with Ϸ60% contribution of PTH͞PTHrP receptor (Ϫ͞Ϫ) cells (B), whereas in chimeras with Ͼ90% contribution, matrix adjacent to ectopic hypertrophic chondrocytes in large clusters mineralize (C and D, arrows). (E-H) Sections of the radii from d17.5 chimeric embryos with Ϸ60% contribution of mutant cells were stained for ␤-galactosidase activity and also stained with alizarin red S (E) or H&E (F-H). In the wild-type (A), bone collars are formed in the perichondrium abutting prehypertrophic and hypertrophic chondrocytes (arrowheads). No ectopic bone collar formation is observed in the tibiae of chimeras with Ϸ60% contribution (B). However, in smaller bones such as the radii of the same chimeras, ectopic bone collars are formed (E and F, arrowheads). At higher magnification, ectopic bone collars are seen near clusters of ectopic hypertrophic chondrocytes; ectopic bone collars include both wild-type and PTH͞PTHrP receptor (Ϫ͞Ϫ) osteoblasts (stained blue) (G and H, arrowheads). In the tibiae of chimeras with Ͼ90% contribution, there is intensive ectopic bone collar formation (C and D). (Bar ϭ 100 m.)
The increase in PTHrP expression in the periarticular growth plate, which includes proliferating chondrocytes as well as perichondrium, suggests that this region is a target of Ihh signaling during limb development, but whether Ihh directly acts on the periarticular growth plate remains to be studied.
The patterns of chondrocyte mineralization of chimeric growth plates illustrate the functional importance of coordinated differentiation of adjacent chondrocytes. Presumably some combination of secreted stimulators or inhibitors of mineralization requires a critical mass of hypertrophic chondrocytes to provide an appropriate milieu for mineralization. The precise mechanism involved will require further analysis. The induction of bone collars adjacent to ectopic hypertrophic chondrocytes further stresses the importance of coordinated chondrocyte differentiation. The identity of the relevant molecular signals for bone collar induction cannot be determined from our studies, but the involvement of Ihh seems plausible. Ihh is expressed by ectopic hypertrophic chondrocytes. Ihh stimulated osteogenic differentiation of mesenchymal cell lines in vitro, and Sonic hedgehog induced ectopic bone formation in vivo (25, 26) . When chicken limbs were infected with Ihh-producing retrovirus, bone collar formation was accelerated despite suppression of formation of hypertrophic chondrocytes (9) . Further, in our chimeric mice, expression of Ptc was up-regulated in osteoblasts surrounding ectopic bone collars (data not shown). These data suggest that Ihh may have a role in bone collar formation, but the precise mechanism remains to be established.
